In single electron tunneling through clean, suspended carbon nanotube devices at low temperature, distinct switching phenomena have regularly been observed. These can be explained via strong interaction of single electron tunneling and mechanical motion of the nanotube. We present evidence that the switching phenomena are absent if the sample is kept in a viscous medium, additionally supporting this interpretation.
In single electron tunneling through clean, suspended carbon nanotube devices at low temperature, distinct switching phenomena have regularly been observed. These can be explained via strong interaction of single electron tunneling and mechanical motion of the nanotube. We present evidence that the switching phenomena are absent if the sample is kept in a viscous medium, additionally supporting this interpretation. Clean, suspended carbon nanotubes provide an extremely versatile model system.
As nanoelectromechanical beam resonators, they can be tuned over a large tension and thereby also frequency range [1] [2] [3] [4] . At cryogenic temperatures, very high mechanical quality factors have been observed [3, 5] , making the observation of non-trivial interaction between single electron charging and the mechanical motion possible [6] [7] [8] [9] . Both electronic tunneling [8, 10] and magnetic induction [11, 12] have been shown to induce damping and thereby reduce the effective mechanical quality factor.
In addition, clean carbon nanotubes also provide highly regular transport spectra, making the analysis of single [13] and multi quantum dot systems [14] possible. An unexpected feature in dc measurements was the observation of regions with suppressed or enhanced current level and abrupt, switching-like edges [6, 11] . These switching phenomena limit the ability to do finite bias spectroscopy at transparent tunnel barriers. They are consistent with feedback effects due to strong coupling between single electron tunneling and mechanical motion, as detailed in Ref. [15] . The positive feedback between electronic tunneling and mechanical motion gives rise to self-oscillation of the vibration mode and in turn leads to an abrupt change in the current through and in the conductance of the quantum dot embedded on the mechanically active part of the carbon nanotube.
In this manuscript we show that these switching phenomena are absent when the sample is immersed into the viscous liquid 3 He/ 4 He mixture of a dilution refrigerator. This strongly supports the hypothesis of a vibrational origin.
Our device consists of a clean carbon nanotube grown via chemical vapor deposision across a pre-fabricated trench and rhenium electrodes. Fabrication and structure details can be found in previous publications, as well as additional measurement data on the same device [11, 16] . Electronic transport measurements were performed in two dilution refrigerators at 25 mK T MC,base 30 mK. The inset of (Color online) Low-bias differential conductance dI/dV sd of the measured carbon nanotube as a function of the gate voltage Vg, at dilution refrigerator base temperature. A small band gap and a Coulomb blockade dominated few electron regime are visible. For higher electron numbers N el the tunnel rates gradually increase. The yellow shaded range around N el = 40 is shown in Fig. 2 . Inset: Scanning electron micrograph of a similar carbon nanotube device with a schematic measurement setup for dc-current measurements. The gate voltage Vg is applied to the highly doped silicon substrate.
sketch of the electronic measurement setup, as typically used in Coulomb blockade spectroscopy [17] : a gate voltage V g and a bias voltage V sd are applied, and the resulting current is converted to a voltage at room temperature and recorded.
As can be seen from lock-in differential conductance measurements dI/dV sd (V g ) as the one in Fig. 1 , a small band gap separates the highly transparent hole conduction side (not shown here) from sharp Coulomb blockade oscillations in electron conduction. At higher electron number N el the tunnel barriers to the contacts become increasingly transparent, showing co-tunneling and regular Kondo enhancement of the conductance dI/dV sd [16, 18] .
Here we focus on the intermediate coupling regime around N el = 40, shaded (yellow) in Fig. 1 Figure 2 contrasts those measurements and demonstrates the consistency of the electronic features as the wide high conductance ridges, a manifestation of the Kondo effect, and a reduced conductance closely around V sd = 0, which stems from the superconductivity in the rhenium contacts. While in Fig. 2(a) the sample is in vacuum, in (b) the sample is immersed into liquid 3 He/ 4 He mixture (diluted phase) in a top-loading dilution refrigerator. A significant difference between the two data sets is given by the sharp spikes in the conductance in Fig. 2(a) , highlighted with white arrows, framing regions of enhanced or suppressed current level, which are well understood by a positive feedback between single electron tunneling and the mechanical motion [15] . In Fig. 2(b) , plotted at identical y-axis scaling, these feedback-induced phenomena are clearly absent, even up to a much higher bias voltage.
While electronic damping mechanisms have been demonstrated recently [8, 11] , here the viscous 3 He/ 4 He fluid surrounding the carbon nanotube adds purely mechanical damping, reduces the high quality factor of the mechanical system, and suppresses self-oscillation in the system. This provides a much more direct confirmation that mechanical motion is the underlying mechanism for the switching phenomena.
Mechanical resonators have long been used for viscosity measurements in low-temperature physics, and recently also nanomechanical systems have entered this field [19] [20] [21] . The unusual parameter combination present in our setup, combining a 3 He/ 4 He fluid at millikelvin temperatures with a beam diameter on the order ∼ 1 nm and resonance frequencies ∼ 250 MHz [11] , poses however challenges for a detailed estimate on the damping mechanisms. The viscosity of the diluted phase of a 3 He/ 4 He mixture at T 25 mK is η ∼ 10 −4 N s/m 2 [22] . This is roughly an order of magnitude larger than the viscosity of air at room temperature and standard condition in pressure, η ∼ 10 −5 N s/m 2 . Since at room temperature already a much smaller gas pressure of p ∼ 1000 Pa causes a reduction of the effective mechanical quality factor of carbon nanotube resonators to Q 100 [1, 23] , a strong mechanical damping by the viscous medium should also in our case come as no surprise.
In conclusion, we give an intuitive demonstration of the mechanical origin of switching phenomena [6, 11, 15] observed in freely suspended carbon nanotubes by comparison of measurements in different sample environments. Keeping the electronic properties almost unaffected, a viscous 3 He/ 4 He medium supplies an additional damping mechanism and prevents feedback-induced oscillation. Hence, this damping mechanism provides a way to circumvent instabilities in finite bias spectroscopy on overgrown freely suspended carbon nanotubes without restriction of the accessible temperature, magnetic field, and tunnel coupling range.
